Introduction
Characterizing the circulation of the Martian atmosphere is an essential objective to understand its present meteorology and climate, a first step to the understanding of the past climates of Mars. The lower atmosphere (< 40 km) and middle atmosphere (40-80 km) of Mars appear dynamically coupled to a much higher degree than in the case of the Earth. The vertical extension of the weather phenomena is considerable, with for example Hadley cells reaching the top of the neutral atmosphere (120 km). The circulation in the middle atmosphere modifies the meteorology of the lower atmosphere, affecting transport and climatic processes. While the lower atmosphere circulation is well characterized, notably through extensive thermal field measurements at 0-40 km from spacecrafts (e.g. Hinson et al. 2004 , Grassi et al. 2007 , and succesfully reproduced by general circulation models, the upper atmosphere appears much less constrained, due to the difficulty to find suitable dynamical tracers. Thus, although models of the entire atmosphere from the surface up to the thermosphere exist (e.g. Angelats i Coll 2005, Hartogh et al. 2005) , they still lack observational constraints. Heterodyne observations at millimeter or thermal infrared wavelengths are able to probe the martian middle atmosphere, providing temperature and wind measurements from spectrally resolved and Doppler-shifted molecular lines. Single-dish millimeter observations of CO constrain the temperature profile over 0-70 km (Clancy et al. 1990 ), and when mapped over the martian disk, have provided the first wind measurements near 50 km altitude (see Lellouch et al. 1991 , Gillet and Lellouch 1994 , Cavalié et al. 2008 from IRAM-30 m, and Clancy et al. 2006 . Such measurements, however, are limited by their poor, diffraction-limited, spatial resolution (typically 10 ), enabling only an essentially hemispheric resolution of the martian disk. A much higher spatial resolution ( ∼ 2 ) is reachable in the thermal infrared (Sonnabend et al. 2006) , but the difficulty is to estimate the altitude probed by the non-LTE CO 2 emission used as a wind tracer. Millimeter interferometry allows one to better spatially resolve the Martian disk, and provides complete wind maps. We present here repeated measurements of the CO(1-0) line, obtained with the IRAM Plateau de Bure Interferometer (PdBI). From these data, temperatures and winds in the middle atmosphere around the 1999, 2001, 2003 and 2005 oppositions, were retrieved and compared with expectations from a Mars General Circulation model . previously used for IRAM-30m wind measurements, is stronger than CO(1-0) and provides a twice better wind sensitivity for a given S/N, the choice of the CO(1-0) line was dictated by the need to avoid the spatial filtering of the interferometer due to the lack of short spacing visibilities at 230 GHz. Indeed even with the most compact configuration, the typical 15 Mars' angular diameter was too much resolved for the CO(2-1) line. Depending on the year, the antennas of the interferometer were in compact configuration D or C, with baselines ranging from 15-75 m (D) and 20-150 m (C), providing a synthesized beam with equivalent diameter in the range 3.5-7" in CO(1-0). Depending on the period, the angular diameter of Mars was between 9.5 and 23 , and the synthesized beam typically resolved Mars in 4×4 independent points (Table 1) . For the first year (1999) , observations were actually acquired over 4 different days, and the data combined in the reduction phase as detailed below. In 2003, observations were obtained at two different periods, about 3 weeks and 3 months, respectively, after the 2003 Aug. 27 opposition. Altogether, the observations sampled various seasons (L s =143, 196, 262, 317 and 322) , and as discussed later different dust situations (clear, global storm, regional storm). We used a variety of backends, affording a spectral resolution up to 40 kHz, suitable to resolve the line core (∼ 400 kHz wide), and therefore to measure and map Doppler shifts of about 40 kHz at the planet limb. On a typical day, Mars observations lasted ∼ 6 hours to perform the aperture synthesis. They were interrupted every 20 minutes, so as to perform an amplitude and phase calibration sequence on a nearby quasar. Pointing and focus checks were also regularly performed. Throughout the observations, weather conditions (water vapor humidity) were monitored with a water vapor radiometer at 22 GHz, except in 1999 where the total power at 230 GHz was used. These radiometer measurements were used to improve the atmospheric phase correction.
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Data reduction
The data reduction and image processing were performed using the GILDAS 1 packages developed at IRAM. A standard calibration was performed with the GILDAS/CLIC interferometric data reduction package. The essential elements of the reduction are : (i) calibration of the instrument bandpass (ii) correction of amplitude and phase variations with time using quasar measurements, and (iii) calibration of the flux scale. The measured phase rms was typically 20 • and the relative amplitude calibration with time about 5%. The measured visibilities (i.e. the Fourier transform of the image) were then extracted in a uv-table. A rotation of the polar axis direction was directly applied in the uv-table, in order to present maps with the North pole on the top of the image. The second step was to self-calibrate the visibilities in phase and amplitude against a Mars continuum model described in the next section. This baseline-based self-calibration improves image quality and provides a relative flux accuracy below 1-2%, while the absolute flux accuracy is defined by the absolute accuracy of the continuum model (i.e. 5% in our case).
Image processing was done using the GILDAS/MAPPING aperture synthesis imaging package.
The continuum was subtracted before creating the images, to improve image dynamics. The dirty images were deconvolved using a CLARK algorithm, providing a CLEAN line-contrast image for all spectral channels. These CLEAN spectral maps were used for the Doppler shift measurements. To obtain the line-to-continuum maps needed to perform the thermal structure analysis, the CLEAN line-contrast map was divided by the CLEAN continuum map. Due to the self-calibration, the CLEAN continuum map is nearly identical to the CLEAN model map.
Continuum modelling : determination of surface roughness
For each date of observation, a Mars continuum map was computed, based on a radiative transfer model of the martian subsurface. Essentially, this model 2 uses General Climate Model predictions of martian surface and sub-surface temperatures 3 , solves the radiative transfer 1 web adress : www.iram.fr/IRAMFR/GILDAS/ 2 available at www.lesia.obspm.fr/∼lellouch/mars 3 see www-mars.lmd.jussieu.fr/
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A C C E P T E D M A N U S C R I P T ACCEPTED MANUSCRIPT equation within the subsurface (e.g. Rudy et al. 1987, Muhleman and Berge 1991) , on a 50×50 points horizontal grid. Once the epoch and geometrical parameters (subearth latitude, longitude and local time) are fixed, the parameters of the models are (i) the absorption length k λ , expressed in units of the wavelength λ (ii) the surface dielectric constant and (iii) the surface roughness (degrees), expressed as the rms dispersion of the local surface slope angle.
The above parameters, particularly the dielectric constant and the surface roughness, have correlated effects on the distribution of brightness temperatures, so all three parameters cannot be retrieved univoquely. Following Muhleman et al. (1991) , we fixed k λ = 12λ, and = 2.25, and selected the surface roughness as the free, adjustable parameter. Continuum brightness temperature maps calculated in this manner were used to generate synthetic visibilities (for the same uv sampling as in the actual data) and compared to the measurements. The resulting wind maps are shown in Fig. 4, 8, 10, 11, 12 . Once again, these are beamconvolved and line-of-sight projected winds. To provide an idea of the associated horizontal winds, we have also "deprojected" these winds for a few characteristics points (north and south, western and eastern limb) as detailed below. Results are indicated in Table 3 .
The sounded altitude is estimated by calculating wind weighting functions, as defined by Théodore et al. (1993) . Essentially, contribution functions are calculated at all frequencies over the wind fitting spectral window (± 1 km/s), weighted by the local slope (derivative) of the spectrum and averaged. Mathematically, the wind weighting function (W W F ) can be defined as :
where I(ν) is the radiance and CF (ν, z) is the contribution function :
and dν runs over the fitting interval (Δν = 400 kHz in our case, i.e. 1 km/s), B ν is the Planck function at temperature T , τ is the opacity in the line-of-sight, z is the altitude. Since most of the wind information comes from the limbs, these contribution functions were calculated for the geometry of a limb point, using a typical temperature profile and a Mars to beam diameter ratio of 4. As shown in Fig. 3 , the altitude probed for a nadir geometry would be ∼ 4 km only lower. The altitude probed at the limb is ∼ 53±13 km (where the range corresponds to altitudes at half-width of the WWF). This altitude is only approximate, however, because it depends on the way monochromatic contribution functions are averaged (see e.g. Théodore et To include the effect of winds, the line-of-sight velocity was calculated from the projection of the zonal and meridional wind components to the observer direction. This Doppler velocity was then included level-by-level in the calculation of the absorption coefficient. A CO mixing ratio of 10 −3 was used in the lower atmosphere. This is slightly larger than the "canonical" 8×10 −4 value, but more in line with findings from recent infrared observations (Krasnopolsky 2003 (Krasnopolsky , 2007 . Above ∼40 km, CO increases with altitude due to its high-altitude production and lifetime shorter than atmospheric mixing time, and we used the CO profile from Théodore et al. (1993) . No horizontal (diurnal, latitudinal) variations of CO were considered. Although such variations are indicated by the above infrared observations and may be expected from general circulation models, the precise horizontal (and even vertical) CO profile is to first order inconsequential to interpret our observations in terms of winds and atmospheric structure in the middle atmosphere. To calculate the continuum emission, we used the continuum model determined from the analysis of the continuum visibilities, as described previously. The local CO lines were finally convolved by the appropriate beam geometry (including elliptical shape, orientation and gaussian response over any distance from beam center) on an array adequately matched to the spatial resolution of the observations. This provided us with "synthetic" data that could be compared directly to the observations. At each point of the array, the synthetic spectrum was fit over its central ±1 km/s, by a "template" spectrum calculated in the same manner but in which the winds were forced to zero. This allowed us to determine the wind field that would result from such "synthetic data", i.e. the wind field we would observe if the MCD database gave a perfect representation of the wind/temperature field in the martian atmosphere.
This method provides the most rigorous comparison between observations and models, and in particular, is superior to a comparison of the measured wind field with the modelled wind field averaged over some altitude range. As discussed above, the level probed for the winds is typically indicated by the wind weighting functions, and corresponds to ∼35-65 km at the limb, for the central ± 1 km/s of the CO(1-0) line, but this varies across the disk (e.g. with a nadir viewing we probe at lower altitude). Besides the calculation of the wind field expected from GCM predictions, the direct model allows us to calculate synthetic lineshapes and to compare
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them with the observed profiles.
Thermal profile retrieval
As will be shown, in most cases, the synthetic spectra calculated with the direct model do not match perfectly the observed lineshapes, indicative or more or less important departures between predicted and actual thermal profiles. To get a handle on these differences, we performed temperature inversions. In this procedure, a single temperature profile can be retrieved for each beam position. Given the relatively coarse spatial resolution of the data (which makes the direct model a more rigorous approach), this clearly limits the physical meaning of the retrieved thermal profiles, but the comparison with the beam-convolved temperature profiles returned from the MCD is still instructive. Weighting functions (see e.g. Clancy et al. 1990 , Lellouch et al. 1991b indicates that the CO(1-0) line absorption core within ∼20 MHz from line center probes the middle atmosphere from ∼ 15 km up to ∼70 km. More distant linewings probe the lower atmosphere, but there, the accuracy of the temperature retrievals is limited by the quality of the instrumental baselines and the precise knowledge of the CO mixing ratio.
We therefore focussed on the absorption cores, by expressing the measured fluxes in terms of a relative linedepth with respect to a "pseudo-continuum" at ±17 MHz from line center.
For each beam position, the beam-convolved surface temperature was calculated from MCD and kept fixed, and the line profile was inverted in terms of the temperature profile from an iterative Chahine-type algorithm, used previously by Lellouch et al. (1991b) and Théodore et al. (1993) . In this method, a small number of frequency points are selected and assigned to representative altitude levels located near the maximum of the associated weighting functions.
The temperature at these levels was found iteratively, with some smoothing of the temperature profile at each iteration, and by forcing the retrieved thermal profile to join the near-surface temperature of the a priori (i.e. GCM-derived) profile. Above 50 km, the GCM seems to overestimate the temperatures. Such a discrepancy is consistent with the observations obtained by the UV spectrometer SPICAM on Mars Express using stellar occultation technique . The model error is thought to result from an underestimation of the infrared cooling rate in the CO 2 15 microns band in non thermal equilibrium conditions. [1999] [2000] used to estimate the amount of dust in the atmosphere in the GCM , Wang et al. 2005 . High dust content at this season is expected to warm the low and mid atmosphere, strongly enhance the Hadley circulation, and increase the warming of the middle atmosphere ). The latitudinal and vertical structure of the differences between model and observations are in good agreement with this explanation.
Wind and temperature results
Regional dust storm (τ =0.5) -December 2003 (L s = 317)
Regional dust storm (τ =0.2) -November 2005 (L s = 322)
The 1990, 1992/1993, 1997, 1999, 2001, 2003 and 2005 Mars' oppositions,
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and span a variety of solar longitudes (Table 3) . Data from 1990 to 1999 have been presented in partial form by Gillet and Lellouch (1994) and Jegou (2003) , but so far were not published extensively. Fig. 14 presents a synthetic view of all these wind measurements, except for the 2001 and 2005 data, which are described by Cavalié et al. (2008) . Single-dish observations make use of a "point-by-point" mapping technique, in which spectra are accumulated on a sequence of individual beam positions. Fig. 13 shows the line-of-sight wind velocities, measured by gaussian fitting of the line core over ±1 MHz from the CO(2-1) rest frequency (230538.000 MHz), and corrected for Mars' surface rotation. Inspection of the continuum levels allows one to estimate the magnitude and direction of the pointing errors. These pointing errors, which generally lie within 2 arcsec, are taken into account in Fig. 13 . (Table 3) . Nonetheless, in most cases, such a simple model does not allow a good fit of the measurements, which in spite of their modest spatial resolution (typically 10 arcsec), show considerably more structure than a solid-body rotation. To get a handle of this, Table 3 and 
Summary
We have obtained absolute wind and thermal profile measurements in the martian atmosphere From the observation point of view, the ALMA array will allow observations with higher signal-to-noise, spatial and temporal resolution, providing instantaneous dynamic views of the
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A N U S C R I P T ACCEPTED MANUSCRIPT martian atmosphere. This will be a starting point for data assimiliation of the CO-derived thermal structure in the Mars' middle atmosphere. A major improvement would consist to have a submm sounder on a Martian orbiter. This submm instrument would allow to determine the 3D atmospheric circulation, temperature and water cycle, day after day and perform comparative meteorology (Forget et al. 2004 , Hartogh et al. 2007 . Table 3 ). Red points refer to the morning limb (sky east, martian west); blue crosses refer to the evening limb (sky west, martian west). The expected zonal wind (at z=50 km) from the GCM, is also indicated (solid lines,
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4 Astronomical convention. "East limb" corresponds to martian western (morning) limb.
5 Averaged dayside TES and THEMIS derived dust opacity at 1075 cm −1 from Smith et al. 2004 and Lillis et al. 2008 .
References: a Lellouch et al. 1991a , b Gillet and Lellouch 1994 , c Jegou (2003 , d Cavalié et al., 2008. 
